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Hippocampal CA3 pyramidal neurons receive two types of excitatory afferent innervation: mossy fibers (MFs) from granule cells of the
dentate gyrus and recurrent collateral fibers (CFs) from other CA3 pyramidal neurons. At CF–CA3 pyramidal neuron synapses, mem-
brane depolarization paired with low (0.33 Hz) presynaptic stimulation generated a heterogeneous response that ranged from long-term
potentiation (LTP), long-term depression (LTD), to no alteration of synaptic strength. However, the same induction paradigm applied at
MF–CA3 pyramidal neuron synapses consistently induced LTD. This novel form of LTD was independent of NMDARs, mGluRs, canna-
binoid receptors, opioid receptors, or coincident synaptic activity, but was dependent on postsynaptic Ca 2� elevation through L-type
Ca 2� channels and release from inositol 1,4,5-trisphosphate receptor-sensitive intracellular stores. Ca 2� imaging of both proximal and
distal CA3 pyramidal neuron dendrites demonstrated that the depolarizing induction paradigm differentially elevated intracellular Ca 2�

levels. L-type Ca 2� channel activation was observed only at the most proximal locations where mossy fibers make synapses.
Depolarization-induced LTD did not occlude the conventional 1 Hz-induced LTD or vice versa, suggesting independent mechanisms
underlie each form of plasticity. The paired-pulse ratio and coefficient of variation of synaptic transmission were unchanged after LTD
induction, suggesting that the expression locus of LTD is postsynaptic. Moreover, peak-scaled nonstationary variance analysis indicated
that depolarization-induced LTD correlated with a reduction in postsynaptic AMPA receptor numbers without a change in AMPA
receptor conductance. Our results suggest that this novel form of LTD is selectively expressed at proximal dendritic locations closely
associated with L-type Ca 2� channels.
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Introduction
Hippocampal CA3 pyramidal neurons receive two types of exci-
tatory innervation; the recurrent collateral fibers (CFs) from
other CA3 pyramidal neurons innervate the distal dendritic por-
tion of CA3 pyramidal neurons (CF–CA3 synapses), whereas
mossy fibers (MFs) from granule cells of the dentate gyrus make
synapses onto the proximal dendrites of CA3 pyramidal neurons
(MF–CA3 synapses; Brown and Johnston, 1983). CF–CA3 syn-
apses contain a high density of NMDARs (Weisskopf and Nicoll,
1995). Stimulation of CFs paired with postsynaptic depolariza-
tion of CA3 pyramidal neurons induces long-term potentiation
(LTP), long-term depression (LTD), or no change in synaptic
strength (Debanne et al., 1998, 1999; Montgomery et al., 2001).
For such pairing-induced LTP, postsynaptic NMDAR activity
leads to the conversion of silent to active synapses by the translo-
cation of AMPA receptors (AMPARs) (Montgomery et al., 2001).
Additionally, low-frequency CF stimulation induces NMDAR-

dependent LTD resulting from “silencing” of active synapses
caused by AMPAR internalization (Montgomery and Madison,
2002). Therefore, NMDARs play an essential role in the induc-
tion of bidirectional plasticity at CF–CA3 synapses.

In contrast, the expression of NMDARs at MF–CA3 synapses
is considerably lower (Monaghan and Cotman, 1985; Jonas et al.,
1993; Siegel et al., 1994; Watanabe et al., 1998; Weisskopf and
Nicoll, 1995). The ratio of NMDAR- to AMPAR-mediated EPSCs
at MF–CA3 synapses is �30% of that found at CF–CA3 synapses
(Weisskopf and Nicoll, 1995). Furthermore, unlike CF inputs to
CA3 pyramids, both high-frequency stimulation-induced LTP
(Harris and Cotman, 1986; Zalutsky and Nicoll, 1990; Xiang et
al., 1994; Nicoll and Malenka, 1995; Lopez-Garcia et al., 1996;
Castillo et al., 1997; Yeckel et al., 1999; Mellor and Nicoll, 2001)
and low-frequency-induced LTD (Kobayashi et al., 1996;
Tzounopoulos et al., 1998) at MF–CA3 synapses are
NMDAR-independent.

In addition to the differences in NMDAR expression and
mechanisms of synaptic plasticity, the distribution of voltage-
dependent Ca 2� channels (VGCCs), particularly L-type Ca 2�

channels, is also distinct between CF–CA3 and MF–CA3 synaptic
locations. L-type Ca 2� channels selectively localize to the somata
and proximal dendrites of CA3 pyramidal neurons (Westen-
broek et al., 1990; Hell et al., 1993; Elliott et al., 1995) where MFs
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arrive (Brown and Johnston, 1983), whereas N- and P/Q-type
Ca 2� channels localize to distal dendrites of CA3 pyramidal neu-
rons (Elliott et al., 1995) where CFs make contact. This selective
distribution of VGCCs implies differing roles for these channels
at each synapse type.

In the present study, we describe a role for L-type Ca 2� chan-
nels in a novel type of LTD induced by postsynaptic membrane
depolarization at MF–CA3 synapses. The depolarization-
induced LTD does not require activation of NMDARs, mGluRs,
cannabinoid, or opioid receptors but is dependent on an eleva-
tion of postsynaptic Ca 2� through L-type Ca 2� channels and
release from intracellular stores. Peak-scaled variance analysis
shows that this novel form of LTD is not caused by a change in
AMPAR conductance, but rather a reduction in the number of
postsynaptic AMPARs.

Materials and Methods
Hippocampal slice preparation. Transverse hippocampal slices (300 �m)
were typically obtained from 15- to 16-d-old Sprague Dawley rats as
described previously (Lei and McBain, 2002, 2003). In experiments ex-
amining developmental regulation of LTD, we extended our experiments
to 10-d-old and �35-d-old animals. Rats were deeply anesthetized with
isoflurane, and the brain was dissected out in ice-cold saline solution that
contained (in mM): 130 NaCl, 24 NaHCO3, 3.5 KCl, 1.25 NaH2PO4, 0.5
CaCl2, 5.0 MgCl2, and 10 glucose, saturated with 95% O2 and 5% CO2,
pH 7.4. Slices were initially incubated in the above solution at 35°C for 40
min for recovery and then kept at room temperature until use. All animal
procedures conformed to the National Institutes of Health animal wel-
fare guidelines.

Whole-cell recordings. Whole-cell patch-clamp recordings using an
Axopatch 200A or 700A amplifier (Axon Instruments, Foster City, CA)
in voltage-clamp mode were made from CA3 pyramidal neurons, visu-
ally identified with infrared video microscopy and differential interfer-
ence contrast optics. Unless stated otherwise, recording electrodes were
filled with the following (in mM): 100 Cs-gluconate, 0.6 EGTA, 5 MgCl2,
8 NaCl, 2 ATP2Na, 0.3 GTPNa, 40 HEPES, and 1 QX-314, pH 7.2–7.3.
The extracellular solution comprised (in mM): 130 NaCl, 24 NaHCO3,
3.5 KCl, 1.25 NaHPO4, 2.5 CaCl2, 1.5 MgCl2, 10 glucose, and 0.01 bicu-
culline methobromide, saturated with 95% O2 and 5% CO2, pH 7.4.
Unless stated otherwise, recordings were made at room temperature
(�24°C) with cells held at �60 mV. Series resistance was rigorously
monitored by the delivery of 5 mV voltage steps after each evoked cur-
rent. Experiments were discontinued if the series resistance changed by
�10%. Synaptic responses were evoked at 0.33 Hz by low-intensity stim-
ulation (80 –100 �sec duration; 40 – 80 �A intensity) via a constant-
current isolation unit (A360; World Precision Instruments, Sarasota, FL)
connected to a patch electrode filled with oxygenated extracellular solu-
tion. Mossy fibers or recurrent collateral fibers were stimulated by plac-
ing a stimulation electrode in stratum lucidum or stratum radiatum,
respectively. Mossy fiber stimulation was initially identified by the shape
of the evoked EPSCs, which usually had a briefer rise time (Yeckel et al.,
1999; Henze et al., 2000) and finally confirmed by perfusion of (2S, 2�R,
3�R)-2-(2�,3�-Dicarboxycyclopropyl)glycine (DCG-IV, 1 �M) at the end
of each experiment (Toth et al., 2000). To exclude the possible contam-
ination from fibers other than mossy fibers, only data from those cells
that display �80% inhibition by DCG-IV was included for analysis.

Ca2�-imaging of pyramidal cell dendrites. Combined whole-cell
voltage-clamp recordings and confocal calcium imaging were performed
using an Axopatch 200B amplifier and a multiphoton confocal laser
scanning microscope LSM 510 (Carl Zeiss, Kirkland, Quebec, Canada)
equipped with a 40� long-range water-immersion objective (numerical
aperture 0.8) (Bertrand et al., 2001). Recording pipettes (4 –5 M�) were
filled with a solution containing (in mM): 130 CsMeSO3, 5 CsCl, 2 MgCl2,
5 diNa-phosphocreatine, 0.5 EGTA, 10 HEPES, 2 ATP2Na, 0.4 GTPNa,
0.4 spermine, 1 QX314, and 0.2 Oregon Green-488-BAPTA-I hexapotas-
sium salt (OGB1) (pH 7.2–7.3, 285 mOsm). After obtaining the whole-
cell configuration, 20 –30 min were allowed for intracellular diffusion of

the fluorophore, and two apical dendritic regions were selected for mea-
surements (proximal 25–75 �m from the soma; distal 100 –150 �m from
the soma). Two-photon confocal imaging was performed using a tunable
Ti:Sapphire laser mode-locked at 780 nm pumped by a solid state source
(Mira 900 and 5 W Verdi argon–ion laser; Coherent, Santa Clara, CA).
Emission was detected through a long-pass filter (cutoff 505 nm), and
images were acquired and analyzed using the LSM 510software (Carl
Zeiss). Fluorescence signals were collected by scanning the two regions of
interest (ROIs) (�5 � 10 �m); each scan consisted of a series of 10
images (�200 msec/image). ROIs fluorescence images were collected
every minute during 5 min epochs at the holding potential (VH) of �60
mV, at VH � �10 mV and finally back to VH � �60 mV. The image
focus of ROIs was carefully checked and occasionally adjusted for possi-
ble drift. For analysis, the background (measured in a similar region
outside the cell) was subtracted from the fluorescence intensity averaged
over the ROI. Changes in fluorescence were calculated relative to the
baseline and expressed as %	F/F � [(F � Frest)/Frest] � 100. The aver-
aged baseline fluorescence before depolarization (Frest) was determined
over the 5 min control period at VH �60 mV. The peak calcium transient
was calculated after the onset of the depolarizing step to �10 mV. Sum-
mary data are expressed as mean 
 SE. Statistical significance ( p � 0.05)
was determined using an ANOVA in Igor Pro (Wavemetrics, Lake Os-
wego, OR).

Peak-scaled nonstationary variance analysis. Peak-scaled nonstationary
variance analysis was used to estimate the conductance and numbers of
synaptic AMPARs (Traynelis et al., 1993; Traynelis and Jaramillo, 1998;
Benke et al., 1998; Lei and McBain, 2002) before and after the induction
of LTD. The recorded AMPAR EPSCs were initially inspected visually to
exclude those responses contaminated with spontaneous synaptic activ-
ity. Only those traces showing fast rise time and smooth decay were
selected for analysis. The selected EPSCs were aligned and averaged. The
average response was scaled to the peak and subtracted from individual
responses to compute the variance. A period of 0 – 87 msec commencing
at the EPSC peak was selected for analysis. The average EPSC response
was then divided into 100 equally sized bins and the corresponding vari-
ances pooled. The binned variance was plotted against the mean current
amplitude, and the single-channel current and the number of AMPARs
were estimated by fitting the data according to the following equation:
� 2 � iI � I 2/N � �base, where � 2 is the variance, I is the mean current, N
is the number of open channels, i is the single-channel current, and �base

is the background variance. The single-channel conductance was mea-
sured by � � i/(E � Erev), where E is the holding potential, and Erev is the
reversal potential that was measured to be close to 0 mV under our
recording conditions.

Data analysis. Data are presented as means 
 SEM. Student’s t tests
and ANOVA were used for statistical analysis as appropriate; p values are
reported throughout the text. Coefficient of variation (CV) (SD/mean)
was calculated from sequential 20 evoked EPSCs.

Chemicals. DCG-IV, (
)-amino-4-carboxy-methyl-phenylacetic acid
(MCPG), and naloxone were products of Tocris (Ellisville, MO). All
other compounds were purchased from Sigma-Aldrich (St. Louis, MO).
Nifedipine was initially dissolved in DMSO at a stock concentration of 50
mM and then diluted in the external solution to a final concentration of
20 �M. Because nifedipine is light-sensitive, the solution was prepared
immediately before use and applied to cells in a light protected manner.

Results
Heterogeneity of responses evoked by membrane
depolarization at CF–CA3 and MF–CA3 synapses
CA3 pyramidal neurons are innervated by both MFs and recur-
rent CFs. Because of the distinct distribution of NMDARs and
VGCCs at MF–CA3 and CF–CA3 synapses, we initially examined
the synaptic responses at both synapses using a protocol consist-
ing of postsynaptic membrane depolarization from �60 to �10
mV for 5 min without changing the presynaptic stimulation fre-
quency (0.33 Hz). This “pairing paradigm” should permit activa-
tion of both NMDARs and VGCCs, in particular L-type Ca 2�

channels. At CF–CA3 synapses the pairing protocol induced a
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heterogeneous response; of the 15 synaptic responses examined,
six synapses displayed LTP (202.4 
 14.4% of control 15 min
after induction protocol; p � 0.0008) (Fig. 1A), five synapses
exhibited LTD (67.0 
 6.3% of control; p � 0.006) (Fig. 1B), and
four synapses did not show an appreciable change in EPSC am-
plitude (92.7 
 3.3%; p � 0.12) (Fig. 1C). These results are con-
sistent with previous findings (Debanne et al., 1998, 1999; Mont-
gomery et al., 2001), demonstrating a similar heterogeneity in
response to a similar pairing protocol. In contrast, the same par-
adigm consistently induced LTD at MF–CA3 synapses with EPSC
amplitudes reduced to 49.9 
 4.5% of control (n � 12; p � 0.002)
15 min after the induction protocol (Fig. 1D). The reduction in
EPSC amplitude was typically evident after return of membrane
potential to �60 mV after depolarization but occasionally man-
ifested as a gradual decline during the first 5 min after the induc-
tion protocol.

Because mossy fibers do not fully mature until the end of the
third postnatal week (Amaral and Dent, 1981) and another plas-
ticity inducing paradigm (100 Hz for 1 sec) elicits LTP in adult
rats (Yeckel et al., 1999), but LTD in juvenile rats (Domenici et
al., 1998), we examined the potential developmental regulation
of LTD induced by the present pairing paradigm by including
three additional age groups. Although the pairing protocol in-
duced the same magnitude of LTD in slices from 10-d-old rats
(45.5 
 4.2% of control; n � 5; p � 0.49; compared with the LTD

from 15- to 16-d-old rats; data not shown) LTD was significantly
reduced in slices from 21-d-old animals (83.2 
 5.6% of control;
n � 5; p � 0.003; compared with the LTD from 15- to 16-d-old)
and could not be observed in slices prepared from rats �35-d-old
(95.7 
 8.9% of control; n � 6; p � 0.65). These results indicate
that the observed LTD is developmentally regulated and re-
stricted to juvenile rats. Thus, to facilitate further investigation of
this novel LTD, all subsequent experiments were conducted on
15- to 16-d-old rats.

LTD is independent of NMDARs, mGluRs, cannabinoid
receptors, or coincident synaptic activity, but requires an
elevation of postsynaptic Ca 2�

A major consequence of membrane depolarization that has been
linked to synaptic plasticity is the relief of voltage-dependent
Mg 2� block of NMDARs. To examine whether NMDAR activity
plays a role in the presently observed LTD we attempted to induce
LTD while NMDARs were blocked. In the presence of the
NMDAR antagonist D,L-APV (100 �M) EPSC amplitudes were
reduced to 45.1 
 4.9% of control (n � 6; p � 0.0001) 15 min
after the postsynaptic depolarization induction protocol (Fig.
2A,E). The magnitude of LTD achieved in D,L-APV was not sig-
nificantly different from that in the absence of NMDAR block
(Fig. 2A,E), suggesting that NMDAR activity is not required for
the novel LTD at MF–CA3 synapses. In addition to NMDARs, the
metabotropic class of glutamate receptors has been implicated in
plasticity at a variety of synapses (Bortolotto et al., 1999; Cho and
Bahir, 2002). Of particular relevance, group II mGluRs play a
prominent role in the development of low-frequency stimulation
(1 Hz for 15 min) induced LTD at MF–CA3 connections, which is
expressed presynaptically as a depression in transmitter release
(Tzounopoulos et al., 1998). However, in the presence of the
broad spectrum, nonselective group I/II mGluR antagonist
MCPG (1 mM), EPSC amplitudes were still reduced to 45.3 

3.1% of control (n � 5; p � 0.00006) after 5 min of postsynaptic
depolarization (Fig. 2B,E). Again the magnitude of LTD achieved
in the presence of MCPG was not significantly different from
control (Fig. 2E), excluding a role for mGluRs in depolarization-
induced LTD, thus further distinguishing it from previously re-
ported forms of LTD at MF–CA3 synapses. The lack of require-
ment for NMDAR and mGluR activity to induce LTD suggested
that glutamate release may not be required. To determine
whether synaptic activity coincident with postsynaptic mem-
brane depolarization is required for MF–CA3 LTD, we recorded
basal EPSCs then depolarized CA3 neurons for 5 min without
presynaptic stimulation, only resuming stimulation after return
of the membrane potential to �60 mV. Using this paradigm
depolarization from �60 to �10 mV alone was found to reduce
EPSC amplitudes to the same level (48.1 
 4.9% of control; n �
5; p � 0.0005) (Fig. 2C,E), suggesting that coincident synaptic
activity is not required to induce LTD at MF–CA3 synapses. We
therefore will subsequently refer to this novel form of LTD as
“depolarization-induced LTD”.

Because LTD induction occurred in the absence of presynap-
tic stimulation, we next tested whether depolarization-induced
LTD could influence multiple MF–CA3 synapses onto a single
neuron by placing two stimulation electrodes in different loca-
tions of stratum lucidum to stimulate two distinct MF inputs
(Fig. 3A). To ensure that each stimulating electrode activated a
different MF input, we first recorded EPSCs evoked by sequen-
tially stimulating the two inputs at 50 msec intervals. If common
fibers are stimulated, the amplitude of the second EPSC should be
larger than the amplitude of the EPSC evoked by the second

Figure 1. Membrane depolarization paired with presynaptic stimulation induces a hetero-
geneous response at CF–CA3 synapses but consistent LTD at MF–CA3 synapses. A, Depolariza-
tion from �60 to �10 mV for 5 min without changing the stimulation frequency (0.33 Hz)
induced LTP at 6 of 15 CF–CA3 synapses. Insensitivity of the EPSCs to DCG-IV (1 �M) confirms
that the inputs were not from mossy fibers but from recurrent collateral fibers. Top panel shows
the EPSCs recorded at different times in the figure. Stimulation artifacts were blanked. B, The
same paradigm induced LTD at five CF–CA3 synapses. C, Four of the 15 CF–CA3 synapses
showed no apparent change in synaptic strength. D, Averaged LTD induced by the paradigm at
12 MF–CA3 synapses. EPSCs were significantly inhibited by DCG-IV, demonstrating that the
afferent fibers were mossy fiber in origin.
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electrode in isolation because of the strong paired-pulse facilita-
tion present at MF–CA3 synapses (Toth et al., 2000). Having
ensured that two different MF inputs were being stimulated, we
investigated the expression of depolarization-induced LTD at the
two distinct MF–CA3 synapses on a single neuron. Depolariza-
tion without presynaptic stimulation for 5 min induced LTD at
both MF inputs (Fig. 3B,C); EPSC amplitudes were depressed to
52.8 
 3.6% (n � 5) and 56.1 
 5.6% (n � 5) of control, respec-
tively (Fig. 3D). Because these results suggest that depolarization-
induced LTD is expressed heterosynaptically among MF inputs,
we also examined whether depolarization-induced LTD occurred
at both mossy fiber and CA3 collateral inputs onto single CA3

pyramidal neurons by alternatively stimulating the mossy fibers
and the recurrent collateral fibers (Fig. 3E). After recording basal
EPSCs at both MF–CA3 and CF–CA3 synapses, we depolarized
CA3 pyramidal neurons from �60 to �10 mV without stimula-
tion of either mossy fibers or recurrent collateral fibers for 5 min.
In a single neuron, depolarization produced LTD at MF–CA3
synapses (Fig. 3F) without altering the synaptic strength at CF–

Figure 2. Depolarization-induced LTD is independent of NMDARs, mGluRs, or coincident
synaptic activity but relies on postsynaptic Ca 2� elevation. A, Bath application of D,L-APV (100
�M) did not block the induction of LTD induced by the pairing paradigm. B, Bath application of
MCPG (1 mM) failed to block LTD induction. C, LTD induction is independent of coincident pre-
synaptic stimulation. After recording basal EPSCs at 0.33 Hz, presynaptic stimulation was
stopped, and the postsynaptic membrane was depolarized from �60 to �10 mV for 5 min,
and stimulation was resumed to record EPSCs; membrane depolarization alone induced LTD. D,
Intracellular dialysis of BAPTA (30 mM) blocked the membrane depolarization-induced LTD. E,
Summary bar graph directly comparing the magnitude of depolarization-induced LTD under the
conditions indicated. Values are the average EPSC amplitudes recorded at 15 or 20 min after
depolarization protocol expressed as a percentage of control values obtained just before initi-
ating the depolarization protocol (**p � 0.01 compared with control LTD).

Figure 3. A–D, Membrane depolarization induces LTD at two distinct MF–CA3 synapses
recorded from single CA3 pyramidal neurons. A, Schematic illustration of experimental arrange-
ment. Two different MF inputs were stimulated by placing two stimulation electrodes in differ-
ent locations within the stratum lucidum. EPSCs generated by alternative stimulation of two MF
inputs were recorded from a single CA3 pyramidal neuron. After recording basal EPSCs at �60
mV, stimulations of both MF inputs were discontinued, and CA3 neuron was depolarized to
�10 mV for 5 min. Stimulation was resumed to record EPSCs after membrane depolarization.
Membrane depolarization produces LTD at both MF–CA3 synapses (B, C) in a single pyramidal
neuron. D, Summarized data from five cells (**p � 0.01; EPSC amplitude at 20 min after
depolarization protocol). E–H, Membrane depolarization induces LTD at MF–CA3 synapses
without changing the synaptic strength at CF–CA3 synapses recorded from single CA3 pyrami-
dal neuron. E, Schematic illustration of experimental arrangement. MF and CF were stimulated
by placing one electrode in stratum lucidum (MF stimulation) and one in stratum radiatum (CF
stimulation), respectively. EPSCs generated by alternative stimulation of MF and CF were re-
corded from a single CA3 pyramidal neuron. After recording basal EPSCs at �60 mV, stimula-
tion of both MF and CF were discontinued, and the CA3 neuron was depolarized to �10 mV for
5 min. Stimulation was resumed to record EPSCs after membrane depolarization. Membrane
depolarization produces LTD at MF–CA3 synapse ( F) without changing synaptic strength at
CF–CA3 synapse ( G) in a single pyramidal neuron. H, Summarized data from five cells (**p �
0.01, EPSC amplitude at 20 min after depolarization protocol).
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CA3 synapse (Fig. 3G). Overall, depolarization depressed EPSCs
to 48.1 
 4.8% of control (n � 5; p � 0.0004) at MF–CA3 syn-
apses and to 94.6 
 6.9% of control (n � 5; p � 0.47) at CF–CA3
synapses (Fig. 3H). These results suggest that the heterosynaptic
expression of depolarization-induced LTD is restricted to MF–
CA3 synapses.

Whereas LTD was reliably induced by 5 min postsynaptic de-
polarization, we also examined the level of LTD produced by
varying the duration of the membrane depolarization. Postsyn-
aptic depolarization for 1 or 3 min induced significantly less LTD
(1 min: 93.1 
 4.6%, n � 5, p � 0.21; 3 min: 71.3 
 2.6%, n � 5,
p � 0.03 of control), whereas, depolarization for 10 min did not
further increase the level of LTD (48.2 
 3.5%, n � 4, p � 0.78)
compared with LTD induced by 5 min depolarization. Addition-
ally, because various aspects of synaptic transmission, such as
transmitter uptake and failure rate, can be influenced by temper-
ature (Bergles and Jahr, 1998; Hardingham and Larkman, 1998;
Auger and Attwell, 2000; Gasparini et al., 2000), we were con-
cerned whether depolarization induced LTD occurred at a more
physiologically relevant temperature. However, when recordings
were performed at 30 –34°C (31 
 1°C), postsynaptic depolariza-
tion for 5 min induced LTD similar to that observed at room
temperature: 20 min after the induction protocol EPSC ampli-
tudes were reduced to 54 
 9.7% of control responses obtained
before depolarization (n � 7; p � 0.004) (Fig. 2E). Thus,
depolarization-induced LTD is not temperature-dependent and
can be saturated with 5 min of depolarization.

In many cells, postsynaptic depolarization can potentially re-
lease endogenous cannabinoids, which translocate to the presyn-
aptic domain to transiently inhibit transmitter release (for re-
view, see Alger, 2002). Moreover, cannabinoids are implicated in
both LTP (Misner and Sullivan, 1999; Carlson et al., 2002) and
LTD (Gerdeman et al., 2002; Chevaleyre and Castillo, 2003). We
therefore examined the potential involvement of cannabinoids in
depolarization-induced LTD. In slices pretreated and perfused
with the CB1 receptor antagonist AM-251 (10 �M), depolariza-
tion still induced LTD (47.2 
 4.2% of control 15 min after
induction protocol; n � 5; p � 0.005) (Fig. 2E), demonstrating
that release of cannabinoids, if any, is not involved in
depolarization-induced LTD at MF–CA3 synapses. We also ex-
amined the potential involvement of opioid receptors in
depolarization-induced LTD because previous studies have iden-
tified a role for opioid mediated regulation of MF–CA3 transmis-
sion (Salin et al., 1995; Williams and Johnston 1996). In the pres-
ence of the general opioid receptor antagonist naloxone (20 �M),
depolarization of CA3 neurons for 5 min produced LTD that was
indistinguishable from control: EPSC amplitude was 53 
 12%
of control 15 min after the induction protocol (n � 4; p � 0.03)
(Fig. 2E). Finally, to determine whether intracellular Ca 2� was
required for depolarization-induced LTD at MF–CA3 synapses,
we included the intracellular Ca 2� chelator BAPTA (30 mM) in
the recording pipette. After establishing the whole-cell configu-
ration, we waited �20 min to ensure adequate perfusion of
BAPTA into the dendritic compartment before applying the LTD
induction protocol. In the presence of BAPTA, depolarization
did not significantly reduce EPSC amplitude (93.1 
 2.1% of
control; n � 6; p � 0.07) (Fig. 2D,E). In the absence of BAPTA
LTD was still induced after 20 min of whole-cell recording
(47.4 
 2.1%; n � 3; p � 0.002), excluding the possibility of
washout of LTD. These results demonstrate that elevation of
postsynaptic Ca 2� is necessary for LTD induction.

Postsynaptic expression of LTD at MF–CA3 synapses
We used three indicators to probe whether the expression of
depolarization-induced LTD at MF–CA3 synapses was presynap-
tic or postsynaptic in origin. First, we calculated the CV (SD/
mean) before and after the induction of LTD (Fig. 4A). Although
changes in CV do not unequivocally reflect a presynaptic mech-
anism (Silver et al., 1998), this parameter is widely used to eval-
uate changes in presynaptic transmitter release (Malinow and
Tsien, 1990; McAllister and Stevens, 2000; Zucker and Regehr,
2002). The CV was not significantly changed after LTD induction
(control, 0.37 
 0.03; LTD, 0.42 
 0.04; n � 12; p � 0.09)
suggesting that the expression of LTD is not presynaptic. Second,
we calculated the paired-pulse ratio (PPR) before and after LTD
induction (Fig. 4B). The PPR was unchanged after LTD induc-
tion (control, 1.62 
 0.05; LTD, 1.62 
 0.04; n � 10; p � 0.99),
again suggesting that the expression locus is not presynaptic.
Third, we tested whether the expression of conventional low-
frequency stimulation (1 Hz for 15 min)-induced LTD and
depolarization-induced LTD were related by sequentially apply-
ing both induction protocols. If depolarization-induced LTD
shares the same presynaptic expression mechanism as low-
frequency stimulation-induced LTD (Tzounopoulos et al.,
1998), we would expect one form of LTD to occlude the other. In
each experiment, we applied the induction protocol for the first
form of LTD twice to saturate expression before applying the
subsequent induction protocol. The induction of low-frequency-
induced LTD was not occluded by previous expression of
depolarization-induced LTD, and vice versa, suggesting that
these two forms of LTD had different expression mechanisms
(Fig. 4C,D). Taken together, the above three lines of evidence

Figure 4. Expression of depolarization-induced LTD at MF–CA3 synapses is postsynaptic. A,
Lack of change in CV (SD/mean) before and after LTD induction. Top panel shows the consecu-
tive 15 EPSCs before (left) and after (right) LTD induction. Individual experiments are indicated
by open circles. Mean data are indicated by the closed circles. B, PPR evoked by two stimuli at an
interval of 50 msec was not altered after the induction of LTD. Top left, EPSCs evoked by two
stimuli before (thin) and after (thick) LTD induction. Top right, EPSCs before and after LTD
induction were scaled to show the lack of difference in PPR. Individual experiments are indi-
cated by open circles. Mean data are indicated by the closed circles. C, Depolarization-induced
LTD did not occlude the 1 Hz-induced LTD at MF–CA3 synapses. D, Similarly, the expression of 1
Hz-induced LTD did not occlude depolarization-induced LTD at MF–CA3 synapses.
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suggest that the expression locus of depolarization-induced LTD
is postsynaptic.

Postsynaptic LTD expression could result from a decrease in
single-channel conductance (�) or open probability of AMPARs
or a reduction in the number of available postsynaptic AMPARs.
To differentiate among these possibilities, we used peak-scaled
nonstationary variance analysis (Traynelis et al., 1993; Traynelis
and Jaramillo, 1998; Benke et al., 1998; Lei and McBain, 2002).
Because variations in amplitude will contaminate the estimate of
variance attributable to channel closings, the individual events
have to be scaled such that their peak amplitude equals the aver-
age peak amplitude. Therefore, peak-scaled variance analysis
yields estimates of the single-channel conductance and the num-
ber of open channels without being able to resolve the open prob-
ability. Using this analysis we probed whether LTD was related to
a reduction in single channel conductance or postsynaptic
AMPAR number or both.

After LTD induction, AMPAR single-channel conductance
was not significantly altered (control, 25.7 
 3.3 pS; LTD, 21.5 

2.8 pS; n � 6; p � 0.20) (Fig. 5A–C). In contrast, the number of
the AMPARs on the postsynaptic membrane was significantly
reduced after LTD induction (control, 196.3 
 7.8; LTD, 106.3 

13.9; n � 6; p � 0.0004) (Fig. 5D). These results suggest that
depolarization-induced LTD is attributable to a reduction in the
number of postsynaptic AMPARs.

L-type Ca 2� channels are required for the induction of LTD
In cultured hippocampal neurons AMPAR internalization relies,
at least in part, on the activation of VGCCs (Lin et al., 2000).
Because postsynaptic depolarization should activate VGCCs and
depolarization-induced LTD relies on an increase in postsynaptic
Ca 2�, we next examined the role of VGCCs in the induction of
LTD at MF–CA3 synapses using the VGCC antagonists
�-conotoxin GVIA and nifedipine. Bath application of the
N-type Ca 2� channel blocker �-conotoxin GVIA (0.5 �M) inhib-
ited basal synaptic transmission to 44.9 
 2.9% of control (n � 5;
p � 0.00005), consistent with the known role of N-type Ca 2�

channels in presynaptic release at MF–CA3 synapses (Castillo et
al., 1994) (Fig. 6A,F). However, after inhibition of N-type Ca 2�

channels, EPSCs of stable amplitude were recorded, and postsyn-
aptic depolarization to �10 mV for 5 min induced further de-
pression that remained for the duration of the recording (EPSCs
were 43.5 
 4.7% of control 20 min after induction protocol; n �
5; p � 0.0003) (Fig. 6A,F). Thus, N-type Ca 2� channel activation
does not play a role in depolarization-induced LTD. In contrast,
inhibition of L-type Ca 2� channels with bath application of ni-
fedipine (20 �M) did not produce any consistent changes in basal
synaptic transmission but completely blocked the induction of
LTD by postsynaptic depolarization: on average EPSC amplitude
was 94.6 
 5.6% of control 20 min after the induction protocol
(n � 11; p � 0.36) (Fig. 6B,F). Similar block of depolarization-
induced LTD by nifedipine was observed when experiments were
repeated at 30 –34°C (95.8 
 8.5% of control; p � 0.89; n � 3;
data not shown).

To corroborate that membrane depolarization induces intra-
cellular Ca 2� elevation via the activation of L-type Ca 2� chan-
nels, we combined whole-cell recording with Ca 2� imaging to
measure changes in intracellular Ca 2� concentration in response
to membrane depolarization at two different locations of den-
drites of CA3 pyramidal neurons (Fig. 6C,D): the proximal por-
tion of dendrites where mossy fibers arrive and the distal den-
drites where recurrent collateral fibers contact (Brown and
Johnston, 1983). Depolarization from �60 to �10 mV increased
intracellular Ca 2� ([Ca 2�]i) at both proximal and distal portions
of dendrites (Fig. 6C). The peak change of [Ca 2�]i induced by
membrane depolarization was significantly higher in the proxi-
mal dendrites (101.3 
 9.9% 	F/F; n � 7) than that in the distal
dendrites (47.6 
 10.1% 	F/F; n � 7; p � 0.05). The difference
was primarily attributable to the activation of L-type Ca 2� chan-
nels because nifedipine inhibited [Ca 2�]i elevation in proximal
dendrites (control, 99.3 
 17.3% 	F/F; nifedipine, 54.5 
 16.5%
	F/F; n � 4; p � 0.05) without significantly inhibiting the eleva-
tion of [Ca 2�]i at distal dendrites (control, 60.5 
 17.5% 	F/F;
nifedipine, 42.3 
 25.7% 	F/F; p � 0.05) (Fig. 6D). Taken to-
gether these results suggest that activation of L-type Ca 2� chan-
nels at proximal dendrites of CA3 neurons where MFs terminate
increases [Ca 2�]i to produce LTD.

A role for inositol 1,4,5-trisphosphate-sensitive intracellular
Ca 2� stores in depolarization-induced LTD
Ca 2� signals mediated by VGCC activation are frequently ampli-
fied by Ca 2� induced Ca 2� release from intracellular stores
(CICR). Because release of Ca 2� from intracellular stores has
previously been implicated in synaptic plasticity (Wang et al.,
1997; Emptage et al., 1999; Futatsugi et al., 1999; Nishiyama et al.,
2000), our final series of experiments addressed the potential
involvement of CICR in depolarization-induced LTD of MF–
CA3 synaptic transmission. We first examined the effect of de-
pleting intracellular Ca 2� stores by intracellularly applying the

Figure 5. Peak-scaled nonstationary variance analysis shows that depolarization-induced
LTD correlates with a reduction in AMPAR number without a change in AMPAR conductance. A,
Top, Average of 40 EPSCs before the induction of LTD was scaled to the peak of a single EPSC to
calculate the variance. Bottom, Plot of variance versus current to calculate the conductance
(�� 30 pS) and number (N � 191) of postsynaptic AMPARs. B, Top, Average of 40 EPSCs from
the same cell after the induction of LTD was scaled to the peak of a single EPSC to calculate the
variance. Bottom, Variance and current relationship from the same cell after the induction of
LTD. Note that the conductance was unchanged (� � 29 pS) but that the number of AMPARs
was significantly reduced (N � 101). C, Summarized data from six neurons to show the lack of
change in single-channel conductance after the induction of LTD (n � 6; p � 0.05). D, In
contrast, the number of the AMPARs was significantly reduced after LTD induction (n � 6;
p � 0.01).
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sarco(endo)plasmic reticulum Ca 2�-ATPase (SERCA) pump in-
hibitor thapsigargin (10 �M) through the recording pipette for at
least 15 min before inducing LTD. In the presence of thapsigargin
the depolarizing protocol failed to induce LTD of MF–CA3 trans-
mission: at 15 min after depolarization, average EPSC amplitude

was 94 
 9.8% of control responses obtained just before depo-
larization (n � 5; p � 0.58) compared with 52 
 9.4% in inter-
leaved controls (Fig. 6E,F). Additionally, we attempted to induce
LTD in CA3 cells loaded with low molecular weight heparin (0.2
mg/ml) to block release of inositol 1,4,5-trisphosphate (InsP3)-
sensitive intracellular Ca 2� stores. Similar to thapsigargin, hepa-
rin prevented depolarization-induced LTD because EPSC ampli-
tudes were 90 
 9.6% of control values 15 min after the induction
protocol (n � 6; p � 0.15) (Fig. 6F). These findings illustrate that
CICR of InsP3-sensitive stores in CA3 neurons is required for
depolarization-induced LTD of MF transmission.

Discussion
Our results demonstrate that membrane depolarization of CA3
pyramidal neurons induces distinct responses at CF–CA3 and
MF–CA3 synapses. At CF–CA3 synapses, membrane depolariza-
tion paired with presynaptic stimulation generates a heteroge-
neous response that ranges from LTP to LTD with several syn-
apses showing no alteration of synaptic strength. However, the
same induction paradigm applied at MF–CA3 synapses reliably
induces LTD. This LTD of MF–CA3 synaptic transmission is
independent of NMDARs, mGluR, cannabinoid and opioid re-
ceptors, or coincident synaptic activity, but requires a postsynap-
tic Ca 2� elevation through L-type Ca 2� channels and release
from intracellular stores. Depolarization-induced LTD correlates
with a reduction in AMPAR numbers without a change in
AMPAR conductance. Finally, in single neurons, depolariza-
tion-induced LTD is expressed only at MF synapses and is
absent at CF inputs.

Three distinct types of LTD have been previously observed at
MF–CA3 synapses. (1) Low-frequency stimulation (1 Hz for 15
min) induces LTD in both juvenile and adult animals (Kobayashi
et al., 1996; Domenici et al., 1998; Tzounopoulos et al., 1998).
Induction of this type of LTD is dependent on neither NMDAR
activity nor postsynaptic Ca 2�, but requires presynaptic mGluR
activity coupled to a decrease in cAMP-dependent PKA activity
(Yokoi et al., 1996; Tzounopoulos et al., 1998). Both the induc-
tion and expression of this form of LTD are presynaptic in origin
and are thought to be a reversal of the processes responsible for
conventional mossy fiber LTP (Tzounopoulos et al., 1998). (2)
High-frequency stimulation (100 Hz, 1 sec) of mossy fibers in
postnatal day 6 –14 rats also induces LTD (Battistin and Cheru-
bini, 1994; Domenici et al., 1998). Although the mechanism for
this form of LTD is not clear, its induction requires neither
NMDAR nor mGluR activities, but does depend on postsynaptic
Ca 2� elevation (Domenici et al., 1998) and has an expression
locus that is presynaptic (Domenici et al., 1998). (3) Intracellular
“tetanization” of postsynaptic CA3 pyramidal neurons induces
either LTD or LTP at MF–CA3 synapses in slices from 7- to
16-d-old rats (Berretta et al., 1999). This form of LTD also has a
presynaptic expression locus and whether a synapse depresses or
potentiates appears to depend widely on the initial release prob-
ability (Berretta et al., 1999).

In the present study, induction of depolarization-induced
LTD required neither NMDAR nor mGluR activation, which is
similar to the requirements for induction of 1 Hz-induced LTD
or the high-frequency-induced LTD in juvenile animals, respec-
tively. However, depolarization-induced LTD is distinct from
these forms of LTD in that its expression locus appears to be
entirely postsynaptic. Consistent with this hypothesis is the ob-
servation that depolarization-induced LTD and 1 Hz-induced
LTD do not occlude each other, suggesting that they use distinct
mechanisms. Although depolarization-induced LTD may share a

Figure 6. Involvement of L-type Ca 2� channels and InsP3-sensitive intracellular Ca 2�

stores in depolarization-induced LTD at MF–CA3 synapses. A, Bath application of �-conotoxin
GVIA (0.5 �M) significantly reduced transmitter release but failed to inhibit the induction of LTD
induced by membrane depolarization. EPSCs recorded at different time points in the figure are
shown in the top panel. B, Bath application of nifedipine (20 �M) blocked the induction of LTD.
Top panel shows EPSCs recorded at different time points as indicated in the bottom plot. C,
Membrane depolarization induces different intracellular Ca 2� elevations in the proximal and
distal portions of the dendrites of CA3 pyramidal neurons. Left, Image of a CA3 pyramidal
neuron dialyzed with Ca 2� indicator. ROI-1 and ROI-2 denote the proximal and distal portions
of dendrites, respectively. Right, Enlargement of the proximal and distal parts of dendrites in
response to membrane depolarization. Note more pronounced Ca 2� elevation in the proximal
dendrite in response to membrane depolarization. D, Left, Bath application of nifedipine (40
�M) significantly reduced elevation in intracellular Ca 2� in response to membrane depolariza-
tion in the proximal dendrite (n � 4; p � 0.05). Right, Nifedipine failed to significantly reduce
the increase in intracellular Ca 2� induced by membrane depolarization in the distal dendritic
region ( p � 0.05; n � 4). E, Intracellular application of thapsigargin (10 �M) blocked the
induction of LTD. Top panel shows EPSCs recorded at different time points as indicated in the
bottom plot for either thapsigargin-injected neurons (open circles) or interleaved controls
(closed circles). F, Summary bar graph illustrating the magnitude of depolarization-induced LTD
under the conditions indicated. Values are the average EPSC amplitudes recorded at 15 or 20
min after depolarization protocol expressed as a percentage of control values obtained just
before initiating the depolarization protocol (**p � 0.01 compared with control LTD).
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similar induction mechanism to LTD induced by intracellular
tetanization (postsynaptic depolarization), they appear to pos-
sess different expression loci. The expression of tetanization-
induced LTD is apparently presynaptic, but depolarization-
induced LTD has a postsynaptic expression locus. Furthermore,
in the study by Berretta et al. (1999), tetanization induced either
LTD or LTP, whereas in the present study direct postsynaptic
depolarization consistently produced LTD. Based on the above
evidence, we conclude that depolarization-induced LTD repre-
sents a novel form of LTD distinguishable from any of the above
forms of LTD observed at MF–CA3 synapses.

Ca 2� influx through voltage-gated Ca 2� channels, especially
L-type Ca 2� channels, has been implicated in synaptic plasticity
at a variety of hippocampal synapses. In the CA1 region, L-type
Ca 2� channels are involved in both LTP (Grover and Teyler,
1990; Aniksztejn and Ben-Ari, 1991; Kullmann et al., 1992;
Huang and Malenka, 1993; Chen et al., 1998) and LTD induction
(Christie et al., 1997; Normann et al., 2000; Wang et al., 2003). At
MF–CA3 synapses, L-type channels are involved in the induction
of “brief high-frequency” stimulation-induced LTP (Kapur et al.,
1998). In dentate gyrus, induction of mGluR-dependent LTD
requires membrane depolarization and Ca 2� influx via L-type
Ca 2� channels (Wu et al., 2001). Moreover, L-type Ca� channels
are involved in the induction of LTP in other areas including
amygdala (Weisskopf et al., 1999; Bauer et al., 2002) and visual
cortex (Aroniadou et al., 1993). The inductions of both LTP and
LTD of retinocollicular synaptic transmission in the developing
rat superior colliculus require L-type Ca 2� channel activation
(Lo and Mize, 2002). All these results demonstrate that Ca 2�

elevation mediated by L-type Ca 2� channels may serve as a reli-
able route for induction of LTP or LTD. Whether activation of
L-type Ca 2� channels induces LTP or LTD may depend on the
amount of Ca 2� influx and the types of intracellular targets
activated.

Results from peak-scaled nonstationary variance analysis in-
dicate that depolarization-induced LTD correlates with a reduc-
tion in the number of postsynaptic AMPARs, suggesting that
Ca 2� through L-type Ca 2� channels induces AMPAR internal-
ization through some as yet incompletely identified second mes-
senger or messengers cascade. This result is consistent with the
results of immunocytochemical experiments demonstrating that
application of glutamate receptor agonists, including both
NMDA and AMPA induce AMPAR endocytosis in cultured hip-
pocampal neurons (Beattie et al., 2000; Ehlers, 2000; Lin et al.,
2000). Intracellular Ca 2� is required for both NMDA- and
AMPA-induced AMPAR endocytosis (Beattie et al., 2000). For
NMDA-induced AMPAR internalization, Ca 2� entry is medi-
ated by NMDARs, whereas AMPA-induced AMPAR endocytosis
is triggered by VGCCs (Beattie et al., 2000; Lin et al., 2000), al-
though the conformational changes of AMPARs induced by
binding of AMPA to its receptors are also implicated (Lin et al.,
2000). Of particular interest, application of NMDA and AMPA
induce spatial differences in AMPAR internalization in cultured
hippocampal neurons (Beattie et al., 2000). NMDA-induced
AMPAR endocytosis is primarily observed in the more distal por-
tion of dendrites, whereas AMPA-induced internalization, at
least partially mediated by activation of VGCCs, is primarily re-
stricted to the soma and proximal dendrites (Beattie et al., 2000).
This spatially restricted pattern of AMPAR internalization in-
duced by Ca 2� entry through NMDARs and Ca 2� channels is
consistent with the selective innervation patterns of mossy fibers
and recurrent collateral fibers on CA3 pyramidal neurons. Mossy
fiber inputs are both anatomically and electrotonically closer to

the soma than the recurrent collateral inputs, which are made
onto the more distal dendrites of CA3 pyramidal neurons (Brown
and Johnston, 1983). L-type Ca 2� channels are selectively located
in the proximal portion of CA3 pyramidal neuron dendrites
(Westenbroek et al., 1990; Hell et al., 1993; Elliott et al., 1995)
where mossy fiber synapses form (Brown and Johnston, 1983),
whereas NMDAR density is low in this area (Monaghan and Cot-
man, 1985; Jonas et al., 1993; Siegel et al., 1994; Weisskopf and
Nicoll, 1995; Watanabe et al., 1998). Consistent with this ana-
tomical scenario, postsynaptic depolarization activates L-type
Ca 2� channels to induce AMPAR internalization (LTD) at prox-
imal MF–CA3 synapses, whereas membrane depolarization
paired with presynaptic stimulation opens NMDARs at distal
CF–CA3 synapses to induce AMPAR endocytosis (LTD) or exo-
cytosis (LTP) (Montgomery et al., 2001; Montgomery and Mad-
ison, 2002).

Although it is not entirely clear what second messenger or
messengers couple Ca 2� entry through L-type Ca 2� channels to
AMPAR internalization, block of depolarization-induced LTD
by intracellular application of thapsigargin and heparin define a
role for intracellular Ca 2� stores in the phenomenon. A likely
candidate acting downstream of the rise in intracellular Ca 2� is
the calcium-dependent protein phosphatase calcineurin. Activa-
tion of calcineurin after release of Ca 2� from InsP3-sensitive in-
tracellular Ca 2� stores appears to be responsible for dopamine-
and serotonin-mediated inhibition of VGCCs in striatal and cor-
tical neurons, respectively (Hernandez-Lopez et al., 2000; Day et
al., 2002). Additionally, in retinal amacrine cells, release of InsP3-
sensitive Ca 2� stores is reported to depress GABAA receptor-
mediated currents via activation of calcineurin (Vigh and Lasater,
2003). Furthermore, a great deal of evidence implicates cal-
cineurin as a key mediator of AMPAR endocytosis. At Schaffer
collateral–CA1 pyramidal neuron synapses, calcineurin activity is
required for NMDAR-dependent LTD (Lisman, 1989; Mulkey et
al., 1993, 1994), a process considered to be mediated by AMPA
receptor internalization (for review, see Malinow and Malenka,
2002). Moreover, the endocytosis of AMPARs after treatment of
cultured cells with glutamate receptor agonists or insulin also
relies on calcineurin activity (Beattie et al., 2000; Lin et al., 2000).
Protein phosphatase 1 (PP1) has also been demonstrated to play
an essential role in regulated AMPAR endocytosis (Ehlers, 2000;
but see Beattie et al., 2000; Lin et al., 2000) and NMDAR-
dependent LTD (Mulkey et al., 1993; Morishita et al., 2001), mak-
ing PP1 another plausible candidate. Alternatively, the link from
increased Ca 2� to AMPAR downregulation may not rely on a
phosphatase activity at all. For instance, cerebellar LTD occurring
through AMPAR internalization requires activation of the
serine–threonine kinase PKC (Linden and Connor, 1991; Wang
and Linden, 2000; Xia et al., 2000), and activation of PKC with
phorbol esters can drive AMPAR internalization in cultured hip-
pocampal neurons (Chung et al., 2000). Also, mGluR-triggered
LTD at Schaffer collateral CA1 synapses is reported to be phos-
phatase-independent (Oliet et al., 1997). Given the large number
of possibilities, further investigation will be required to deter-
mine whether depolarization-induced LTD shares downstream
signaling elements common to other forms of LTD or uses a
novel mechanism.
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